Introduction {#Sec1}
============

Sponges are potential producers of pharmaceutical compounds due to their rich variety of bioactive metabolites. In order to obtain sufficient amounts of bioactive compounds, a sustainable production technique is required. Culturing sponges ex situ would be an interesting option, if we can stimulate sponge growth. Many growth studies showed that sponges are slow growing organisms (e.g., Dayton [@CR6]; Garrabou and Zabala [@CR15]; Duckworth and Pomponi [@CR11]; de Caralt et al. [@CR7]; Koopmans and Wijffels [@CR21]). Specific growth rates have been measured between 0.006 and 0.05 per day. In many studies, seasonal variation in growth is found (e.g., Barthel [@CR3]; Garrabou and Zabala [@CR15]; Page et al. [@CR28]; Koopmans and Wijffels [@CR21]), with lower growth rates generally being measured in winter. Plausible explanations for the lower growth in winter could be lower availability of food, hence less uptake of energy, while lower temperature causes lower metabolic rate. There have been a few successes in ex situ sponge cultivation (Duckworth et al. [@CR12]; Page et al. [@CR28]). However, there number is very limited. Consequently, sustainable production methods have not been attained yet. To improve the growth of sponges, basic knowledge on how they acquire and use their food is necessary. Therefore, we studied the carbon balance and growth efficiency for *Haliclona oculata* in the Oosterschelde, The Netherlands.

Sponges mainly feed by filtering particles from the large amounts of water that they pump through their body. Many studies have focused on the filtering capacity of sponges (Riisgård et al. [@CR36]; Ribes et al. [@CR34]; Lynch and Phlips [@CR22]; Stabili et al. [@CR38]; de Goeij et al. [@CR9]). It was shown that they can filter up to 72,000 times their body volume per day. Particle retention efficiencies are found to be very high up to 58--99% (Pile et al. [@CR29]), 86%, (Duckworth et al. [@CR13]) and 96.1% for bacterial uptake in three species of sponges (Reiswig [@CR30]). Besides filtering particles, sponges are also able to obtain food particles through the external epithelia cells, via phagocytosis, and sponges containing symbiotic bacteria can obtain nutrients via these symbionts. In addition, it was shown that some sponges can assimilate dissolved organic material (de Goeij et al. [@CR10]).

The retained food is used for two purposes, being to supply nutrients for sponge biomass and to supply energy in which case the carbon is converted to carbon dioxide, which is assumed to take place via aerobic metabolism. From the oxygen available in the water, maximally 10% is taken up by sponges (Jorgensen et al. [@CR20]). The amount of carbon needed for respiration can be calculated using the respiratory quotient (RQ). The respiratory quotient is the ratio between CO~2~ produced and O~2~ consumed. Depending on which carbon compound is used as a food source for oxidation, the ratio varies from 0.7 (lipid oxidation) to 1.0 (carbohydrate oxidation). Consequently, RQ values vary depending on organism and used food source. Not many studies have focused on the respiratory quotient for marine invertebrates and sponges in general. An average RQ value of 0.75 was found for four different marine invertebrates by Hatcher ([@CR18]), namely for a bryozoan, an ascidian, a chiton, and an abalone species. In other comparable studies, an RQ value of 0.69 was found for cephalopoda (Boucher-Rodoni and Boucher [@CR4]) and 0.74 for ophiurid (Migne and Davoult [@CR23]). An RQ of 0.75 means that for every mole of oxygen, 0.75 mol of carbon is converted to carbon dioxide. This low value indicates that lipids are probably a large fraction of the compounds used for oxidation by marine invertebrates. This agrees with the fact that most invertebrates feed on particulate organic matter including algae (Reiswig [@CR30]; Mohlenberg and Riisgard [@CR24]), which can accumulate lipids up to 50% of their dry weight (Collyer and Fogg [@CR5]; Hu et al. [@CR19]).

The obtained energy is used in different processes in the sponge being for pumping, maintenance, reproduction, and growth. The fraction of the total amount of metabolized carbon that is incorporated into biomass is called the net growth efficiency (NGE). Thus, a higher NGE means that a relatively high amount of carbon is fixed into biomass of the assimilated carbon. Thomassen and Riisgård ([@CR39]) found that NGE is positively related to the specific growth rate. At a growth rate of 4% per day, they found a NGE of 30, and at 1% per day, it was about 10. Thus, higher growth rates give a higher net growth efficiency. The total rate with which carbon is metabolized is the sum of the incorporation rate in biomass (growth) and the rate of carbon liberated as carbon dioxide (respiration). The NGE can be calculated using the next equation (adjusted from Thomassen and Riisgård [@CR39]): $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{NGE}} = \frac{{\mu \cdot {C^{\text{x}}}}}{{\mu \cdot {C^{\text{x}}} + {\text{RQ}} \cdot R}} $$\end{document}$$where *C*^x^ is the carbon content (micromole C∙per gram dry weight (dw)), *μ* the growth rate (per day), RQ the respiratory quotient (micromole C∙ micromole O~2~), and *R* is the specific oxygen consumption rate (micromole O~2~∙per gram dw per day).

The amount of carbon taken up by the sponge can be calculated using the clearance rate multiplied by particulate organic carbon (POC). In our former publication (Koopmans and Wijffels [@CR21]), we showed that *H. oculata* has a seasonal trend with respect to growth rate. We showed that there is a strong correlation of growth rate with POC and no correlation with dissolved organic carbon (DOC), suggesting that growth of this sponge is more dependent on available POC.

To obtain more insight in the carbon usage of sponges in relation to energy and biomass increase, the growth rate, respiration rate, and clearance rate were measured in situ for the sponge *H. oculata*. The growth rate was reported in previous work (Koopmans and Wijffels [@CR21]). The combination of these three factors has not been studied much. A carbon balance is made to find if all available carbon is used efficiently by the sponge for growth. Clearance efficiency and net growth efficiency were calculated and compared with other sponges. Thus, we want to obtain more insight in how sponges acquire and use their food, which in future may allow improvement of the sponge growth rate.

Materials and Methods {#Sec2}
=====================

Study Area {#Sec3}
----------

Measurements were done in situ in the Netherlands, Oosterschelde estuary (Lokkersnol, 51°38′58.07″N, 3°53′5.11″E) at 13 m depth at low tide. The sponge species used was *H. oculata*. This sponge widely occurs in the Oosterschelde and grows attached to solid surfaces such as oyster shells. A platform was placed at the study site, and 42 concrete pavement tiles (30 cm × 30 cm) were placed on top of the platform. On every tile, a sponge specimen was attached. For 11 specimens, the growth rate was monitored for 1 year (Koopmans and Wijffels [@CR21]). Due to dive time limitation, only three sponge individuals were used for the results presented here. Attachment of the sponge specimens used in the growth study, which were the same specimens used in this study, was done in August 2005. Attaching was done by using elastic bands keeping the sponges against the tiles. Within 1 month, all sponges were attached to the tiles on the platform, and they were fully healed when we performed our experiments. The respiration and clearance rates experiments were performed in summer 2006.

Respiration Rate {#Sec4}
----------------

Respiration rates were measured both in situ for three individuals and in the laboratory for three individuals. Laboratory experiments were done in the same period as the in situ experiments were done. Laboratory experiments were done to find out if the in situ measured values coincide with values measured using more controllable equipment in the laboratory.

For the in situ experiments, experimental chambers, made of polyvinylchloride with 765 mL volume, were developed. The chamber had an opening underneath to completely cover the sponge. The chamber was placed over the sponge, and by using elastic bands, the chamber could easily be attached to the tiles. Two different chambers were made: one to connect an oxygen probe and one containing a small sampling tube for taking water samples. A magnetic stirrer inside the chamber continuously mixed the water inside to prevent particles from settling and to equalize oxygen distribution. O~2~ concentrations were measured using two Oxi 340i handheld oxygen meters (WTW, Weilheim, Germany). The oxygen concentration inside a chamber was logged every 10 s. The meter connected to the probe was in a waterproof box and taken underwater. Experiments lasted for 15 min, to minimize the effect of oxygen depletion. Five measurements were done for every individual over a period of 4 weeks in July and August 2006. Blank (control) measurements were done simultaneously, to see if oxygen concentration stayed constant, by using an empty tile on the platform.

In the laboratory, glass chambers of 450 mL volume were used for the respiration rate experiments. Three other sponge specimens were collected in the area where the in situ experiments were done. They were disconnected from their hard substrate and transported in a Styrofoam box to the university laboratory, which was a 2-h drive. After collection, the aquiferous system was not damaged as these species have clear tissue which is attached, separate from the aquiferous system. There the sponges were kept in a 1,200-l aquarium for acclimatization. The aquarium contained artificial seawater, using Instant Ocean Reef Crystals artificial sea salt, at a pH of 8.1 and the same temperature and salinity as in the natural environment. One day after collection, the sponges were introduced in the experimental glass chambers. Artificial seawater solutions in the chamber were stirred, and particles were kept in suspension using a magnet spun at a speed of 300 rpm. Custom made wire baskets prevented the sponges from touching the stirring mechanism. A blank (control) experiment was performed simultaneously, being an empty glass chamber. Per individual, five measurements were done by resaturating the seawater with air.

The oxygen concentration inside the chamber decreased linearly, where the slope of this decrease multiplied by the volume of the chamber is equal to the respiration rate (milligram O~2~ per minute) of the sponge. The specific respiration rate can then be determined by dividing the respiration rate by sponge dry weight, which was measured as described in previous work (Koopmans and Wijffels [@CR21]).

Clearance Rate {#Sec5}
--------------

The clearance rate is defined here as the amount of water pumped through the sponge body and cleared from cells. The population we have used for our calculation was cleared by the sponge with a 100% clearance efficiency. Clearance rates were only measured in situ for two individuals with five repetitive measurements per individual. The third specimen got detached from the platform before we finished the clearance rate experiment. After placement of the experimental chamber for measuring clearance rate, the first water sample of 10 mL was taken immediately using a syringe. Every 3 min, water samples were taken, and the measurement lasted for 15 min in total, which made a total of six water samples per clearance rate measurement. Fifteen minutes was chosen as it showed to have a good and measurable result in both oxygen depletion and particle decrease. From the respiration measurements, we could see that there was no effect from oxygen depletion or excretion of waste by the sponge. Immediately after the performed experiments in situ, 5 mL of the water samples were fixed with glutaraldehyde (1% final concentration). Fixation lasted for 30 min in the dark, after which, the samples were stored in dry ice.

Particle count was performed with the CyAn ADP flow cytometer (Beckman Coulter, Miami, FL) equipped with a 50-mW solid state laser at 488 nm and a 60-mW diode laser at 642 nm. Autofluorescent emission of the particles in the water sample was measured at different wavelengths ranging from 450 to 750 nm. The clearest population was found at green fluorescence (FL1) at 530 ± 40 nm and yellow fluorescence (FL2) at 575 ± 25 nm. Calibration prior to each analysis was done by measuring the fluorescent signal of 3.0 µm SpectrAlign beads (Beckman Coulter, Miami, FL) exciting and emitting at 405 and 488 nm, respectively, prior to utilization of the flow cytometer. The sample analysis time was 2 min. The flow rate of the system was calibrated using fluorospheres with a diameter of 3 μm, at a concentration of 1.000 particles per microliter. The calibration was performed in triplicate for 2 min at different flow rates. Subsequently, the volume (microliters per minute) of each analyzed sample was calculated. An average flow rate of 65 μL per minute was used as a standard value to calculate the concentration of particles present in each sample in further experiments. Clearance rates (*F*) were determined based on the clearance of a single population that was 100% retained by the sponge using the formula: $$\documentclass[12pt]{minimal}
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POC Concentration {#Sec6}
-----------------

Total POC was determined by measuring the total organic carbon content in the suspended organic matter. Water samples were filtered by using a GF/F filter (0.7 μm) and suspended particulate matter (SPM) was determined by weighing. Total organic carbon was analyzed in SPM in a Carlo--Erba NA-1500 elemental analyzer according to Nieuwenhuize et al. ([@CR26]).

C Content and Dry Weight {#Sec7}
------------------------

The carbon content of five whole sponges collected in the same period and in the same area as the used sponges for these experiments was measured after oven drying at 50°C, using a Fisons NA 2500 element analyzer (serial number 991493), with autosampler and Haysep-Q column 80--100 mesh I.D. 2 mm (see also Nieuwenhuize et al. [@CR26]). In short, the dried sample was combusted in an oxygen-rich environment at 1,010°C. After drying, the formed CO~2~ and N~2~ are separated on a GC column and detected using a thermal conductivity detector. For the dry weight measurement, the sponges from the laboratory experiment were dried in a stove overnight at 80°C, after which, dry weight was determined. The average measured carbon content was used in our further calculations.

Carbon Assimilation {#Sec8}
-------------------

The carbon assimilation rate was calculated by multiplying the carbon content by the specific growth rate. For the laboratory experiments, we used the average growth rate measured in summer to calculate carbon assimilation. The field experiments were always performed with the same individuals, and therefore, we used the specific growth rate per individual as presented in previous work (Koopmans and Wijffels [@CR21]) for our calculations of carbon assimilation for the field experiments.

Results {#Sec9}
=======

Available Carbon {#Sec10}
----------------

To study whether the availability of carbon could limit the growth of *H. oculata*, we estimate the uptake of carbon from the POC and the clearance rate. Flow cytometry showed one separate population (Fig. [1](#Fig1){ref-type="fig"}) that was cleared with 100% retention efficiency. Figure [1](#Fig1){ref-type="fig"} shows that not all particles of this population were retained at the end of the experiment. However, at the time of the measurement not all water was filtered by the sponge yet. Moreover, we found that the equation assuming 100% retention efficiency fitted the data significantly better than an equation assuming a lower efficiency. The population seems to be *Synechococcus* cyanobacteria as it shows the same signature as the *Synechococcus* cyanobacteria population shown in Moreira-Turcq and Martin ([@CR25]). *Synechococcus* has a size between 0.8 and 1.5 μm and is highly retained up to 100% by other species of sponges as well (Ribes et al. [@CR34]; Hadas et al. [@CR17]). Thus, this population is well suited to be used for clearance rate calculations. Therefore, we have used this population for our clearance rate calculations assuming an exponential decrease (Eq. [2](#Equ2){ref-type=""}). We are conscious about the fact that more food particles are available to the sponge and that more will be used by the sponge. However, for calculating clearance rate one population is sufficient. Again, blank measurements were done simultaneously. Figure [2](#Fig2){ref-type="fig"} shows the normalized average particle concentration of the specific population shown in Fig. [1](#Fig1){ref-type="fig"} for the two used sponges and the blank experiments. The particle concentrations are normalized for the start concentration. The average *Synechococcus* cell concentration at the start of the experiments was 6,500 ± 1,700 cells per milliliter. For all blank experiments, no significant change in particle concentration was found. For all sponge experiments, a clear decrease in particle concentration was seen. The total carbon taken up by the sponge was calculated by multiplying POC concentration by the clearance rate. Fig. 1Flow cytometer results of two water samples (without addition of calibration particles), yellow (*y*-axis) versus green (*x*-axis) fluorescence. *Left figure* shows cell count at *t* = 0 and *right figure* at *t* = 15 min. The boxes represent the population used for our clearance rate calculationsFig. 2Normalized concentration of counted *Synechococcus* cells at different time steps for sponge 1 (*squares*), sponge 2 (*circles*), and a blank measurement (*triangles*). The *error bars* show the standard deviation calculated from the replicates performed for one individual or blank. The *lines* show exponential regression lines for both sponges. The concentrations are normalized for the start concentration

A POC concentration of 0.49 mg C per liter was found (see Koopmans and Wijffels [@CR21]), which is 40.8 μmol C per liter. The average clearance rate was 5.63 L g dw^−1^ h^−1^, meaning that 230 μmol C g dw^−1^ h^−1^ was pumped into the sponge. For the two sponges used here, we found a constant clearance rate per gram sponge.

Carbon Assimilation Rate in Biomass {#Sec11}
-----------------------------------

To calculate the rate of carbon incorporation into biomass, the growth rate is multiplied by the carbon content of the sponge. The average growth rate in the summer period was 0.011 per day. This value was used to calculate carbon assimilation in the individuals used in the laboratory. For the field experiments, the specific growth rates per individual reported in previous work (Koopmans and Wijffels [@CR21]) were used in the calculations (see Table [1](#Tab1){ref-type="table"}). The carbon content of *H. oculata* was measured to be 19.1 ± 2.0% of the dry weight, which was used to determine the carbon assimilation rate in micromole C per gram dw per day. Table 1Dry weight, specific growth rate, carbon assimilation rate (C growth), carbon dioxide production rate (C resp), and the net growth efficiency of six individuals of *Haliclona oculata*SpongeDry weight (g)Growth rate (per day)C growth (μmol g dw^−1^ h^−1^)C resp (μmol g dw^−1^ h^−1^)Net growth efficiency (NGE)No. 10.420.01318.6763.130.12No. 20.870.01258.2880.150.09No. 30.770.01067.0273.480.09Lab 10.640.0110^a^7.2872.960.09Lab 21.100.0110^a^7.2872.070.09Lab 30.860.0110^a^7.2860.580.11Carbon assimilation and carbon dioxide production are both expressed in micromole C per gram dry weight per hour^a^Average growth rate found for this sponge in summer

Carbon Dioxide Production Rate {#Sec12}
------------------------------

The carbon dioxide production rates were calculated using the respiration rates and the RQ, where an RQ of 0.75 was assumed as described in the introduction. Figure [3](#Fig3){ref-type="fig"} shows an example of a sponge respiration measurement together with a blank measurement. The oxygen concentration during the blank measurements stayed constant, while a clear decrease was seen if a sponge was inside the chamber. The slope is the respiration rate in milligram O~2~ per liter per minute. Fig. 3The oxygen concentration inside the experimental chamber as a function of time. A blank measurement (*triangles*) as well as a sponge respiration measurement (*squares*) is shown

Figure [4](#Fig4){ref-type="fig"} shows the average respiration rates for the used sponge individuals both in situ and in the laboratory. It can be seen that the respiration rate has a clear positive correlation with sponge size (*t* test, *p* = 0.000). In this study, a linear relation (*R* = 1.78 dw − 0.24, adjusted *R*^2^ = 0.768) resulted in the best fit. The results for the carbon dioxide production rates per gram dry weight as calculated from the respiration rates are shown in Table [1](#Tab1){ref-type="table"}. Fig. 4Average respiration rates (±standard deviation) in milligram O~2~ per hour related to dry weight of the sponge. The laboratory measurement (*triangles*) and the field measurement (*squares*) are shown using different symbols. The *line* represents the best linear regression for all experiments together

Carbon Balance {#Sec13}
--------------

Next, it can be calculated how much of the POC present in the water is actually metabolized by the sponge. The retention rate of POC was calculated to be 230 μmol C g dw^−1^ h^−1^, which was pumped through the sponge in the form of POC. The average carbon growth rate was 7.6 μmol C g dw^−1^ h^−1^, and the average carbon dioxide production rate was 70.4 μmol C g dw^−1^ h^−1^ (Table [1](#Tab1){ref-type="table"}), leading to a average total carbon demand per hour of 78.0 μmol C. Thus, about 34% of the carbon entering the sponge as POC was used by the sponge.

Growth Efficiency {#Sec14}
-----------------

The net growth efficiency is the ratio of carbon fixed in biomass to the total amount of carbon used by the sponge (see Eq. [1](#Equ1){ref-type=""}), where the total amount used is the sum of the carbon fixed in biomass and the carbon converted to carbon dioxide. Table [1](#Tab1){ref-type="table"} shows the net growth efficiency as calculated from Eq. [1](#Equ1){ref-type=""}. Net growth efficiencies found for the six individuals were in the same range with an average value of 0.099 ± 0.013 (average ± standard deviation (SD)). Thus, almost 10% of the assimilated carbon is used for direct incorporation in biomass, and over 90% is used for generating energy for growth, maintenance, reproduction, and pumping.

Replicate Experiments {#Sec15}
---------------------

In our experiments, we have used three replicate sponge specimens in situ, which is the absolute minimum for experiments. We chose to have more (five) measurements spread over a limited period (4 weeks) for the three individuals, in order to obtain accurate measurements per specimen in a limited time. The variation between the three in situ individuals was low, and the respiration rate results for the laboratory individuals were close to the in situ results (Fig. [4](#Fig4){ref-type="fig"}). Based on this, we believe that using more individuals would not have altered the conclusions of this paper.

Discussion {#Sec16}
==========

The assumed RQ has an influence on the total carbon balance and the resulting calculations for both clearance efficiency and NGE. The RQ value can be different for different sponges and different invertebrates. A value of 0.75 is an average value found in literature for different invertebrate species. The RQ is mainly determined by the elemental composition of the food source and the type of metabolism. Keeping in mind the elemental composition of algae (CH~1.6~O~0.4~N~0.2~; Richmond [@CR35]), a value for the RQ for sponges feeding on algae is theoretically 0.72. Likewise, for bacteria (CH~1.8~O~0.5~N~0.2~; Roels [@CR37]), a value of 0.85 can be calculated. If only fatty acids are used, a value of around 0.7 is obtained, which is the minimal value that can be reached. For growth on only sugars, a value of 1.0 is obtained. Since POC contains a lot of algae and sponges feed on algal cells, a value of 0.75 of the RQ seems logical. Higher values of RQ lead to a higher percentage of carbon used for respiration. The influence of RQ for the different calculations will be discussed further.

Of the available particulate carbon, 34% was used by the sponge *H. oculata*. Possible explanations for the low carbon usage are that carbon is not limiting or that not all carbon in the POC is available for consumption. Ribes et al. [@CR34] found that a large part of the particulate organic matter consisted of detritus and that this was not retained by *Dysidea avara*. Yahel et al. ([@CR41]) concluded that about 12% of the total organic carbon was removed from the water by the sponge, taking both POC and DOC into account. We have neglected the available DOC, which in our experiments was approximately three times more than the particulate carbon (Koopmans and Wijffels [@CR21]). DOC was not taken into account, because the growth rate for *H. oculata* was found to have no correlation with DOC (Koopmans and Wijffels [@CR21]). If we would take the DOC pool into account, only 9% of the available carbon is used by the sponge. Moreover, a lower RQ would result in a lower usage of the total carbon pool, for an RQ of 0.7, this would be 32%. And vice versa, a higher RQ would result in a higher carbon fraction used, with an RQ of 1.0 leading to 44% carbon usage.

The values for the respiration rate are relatively high for *H. oculata* (Table [2](#Tab2){ref-type="table"}). Osinga et al. ([@CR27]) made a comparison for respiration rates of different sponges. In this study, the one *Haliclona* species present also had higher respiration rates, which were in the same range as found in this study. Moreover, sufficient carbon was available to cope with this high respiration rate. For calculating the clearance rate, which in turn is used to calculate the carbon uptake rate, we used a retention efficiency of 100% for the *Synechococcus* cells, because we found that the equation assuming 100% retention efficiency fitted the data significantly better than an equation assuming a lower efficiency. Lower retention efficiencies for Synechococcus would result in higher clearance rates and thus, in even more carbon entering the sponge. Of course, a large part of this carbon is present in other particles than *Synechococcus*, and these particles are not all 100% retained meaning not all carbon entering the sponge is retained. This can at least in part explain the low percentage of carbon usage as compared to the amount of carbon flowing through the sponge. Table 2Temperature, POC, clearance efficiency, and clearance and respiration rates for different sponge species expressed per 1 g of dry weight unless stated otherwiseSpeciesTemperature (°C)Concentration POC (mg/l)Clearance rate (L h^−1^)Respiration rate (μmol O~2~ h^−1^)Clearance efficiency (μmol C μmol O~2~^−1^)Reference*Haliclona oculata*190.49^a^5.6795.542.45This study*Mycale* sp29^b^0.064^c^12.29^b^25.26^b^2.60Reiswig [@CR32]*Verongia gigantea*29^b^0.064^c^2.77^b^27.39^b^0.54Reiswig [@CR32]*Tethya crypta*30^b^0.085^c^3.72^b^6.64^b^3.96Reiswig [@CR32]*Halichondria panicea*140.21.7026.751.06Thomassen and Riisgård [@CR39]*Dysidea avara*170.3870.659.252.28Ribes [@CR33]*Negombata magnifica*22.50.048^d^4.2014.881.13Hadas et al. [@CR17]^a^Data from Koopmans and Wijffels [@CR21]^b^Temperature and gram dry weight per gram ash free dry weight (g DW/g AFDW) conversion from Reiswig [@CR31]^c^Values from Reiswig [@CR30]^d^Personal communication

Table [2](#Tab2){ref-type="table"} lists the respiration rate and clearance rate and clearance efficiency per gram dry weight for different sponges. Clearance efficiency gives us the ratio between carbon uptake by the sponge and the respiration rate. We were expecting that sponges living in nutrient-rich habitats like in this study would have relatively low clearance rates, but no relation is observed between POC concentration and clearance rate for the different sponges (Table [2](#Tab2){ref-type="table"}). Figure [5](#Fig5){ref-type="fig"} shows the clearance efficiencies for seven sponge species. The line indicates the minimal needed RQ value of 0.75; otherwise not enough carbon is taken up to account for the carbon dioxide formed through respiration. Clearance efficiencies found for *H. oculata* are within the range found in literature. *H oculata* has a clearance efficiency of 2.5, which shows that a sufficient amount of particulate carbon is taken up to account for the high respiration rate. The same holds for *Mycale* sp, *Tethya crypta*, and *D. avara.* However, the bacterial sponge *Verongia gigantea* has a value of 0.54, which is lower than the limit of 0.75, suggesting insufficient carbon uptake from the particulate carbon pool. Also *Halichondria panicea* and *Negombata magnifica* show relatively low values, although still a little bit higher than the value of 0.75. This means that these two species would need very high retention efficiencies to deal with the carbon demand. Fig. 5Clearance efficiency for different sponge species. The *line* indicates the assumed minimal value for respiratory quotient of 0.75 needed for invertebrates. See Table [2](#Tab2){ref-type="table"} for the used references per sponge

A possible explanation for the low clearance efficiency of *V. gigantea* is that these sponges obtain carbon from the DOC pool. Reiswig ([@CR31]) concluded that the less efficient and symbiotic *V. gigantea* obtains a large part of its food requirements from the dissolved pool, which is probably done by the symbiotic bacteria. Notably, also *N. magnifica* and *H. panicea* contain symbiotic bacteria, although not in such high amounts as *V. gigantea* (Gillor et al. [@CR16]; Althoff et al. [@CR1]). To obtain sufficient carbon, these sponges would need very high clearance rates for which there is no evidence. Therefore, we suggest that also these sponges that contain bacteria will use the dissolved carbon pool. Moreover, symbionts in these sponges could be photosynthetic and provide the sponge with photosynthetically obtained carbon. Furthermore, the sponges in Table [2](#Tab2){ref-type="table"} that show values higher than 0.75 for clearance efficiency are sponges that contain none or few bacteria. Until now, it is not clear what the exact role of DOC is for sponges. It is shown that sponges can use the DOC pool (Yahel et al. [@CR41]; de Goeij et al. [@CR9]). However, it is still debated if the symbionts inside sponges are responsible for the total DOC usage.

The net growth efficiency of *H. oculata* was only 10%. An RQ value lower than the assumed 0.75 would result in less carbon dioxide production and thus, in a higher NGE (for example, NGE = 10.5% for RQ = 0.7). A higher RQ would result in more carbon dioxide production and thus, in even lower NGEs (for example NGE = 7.6% for RQ = 1.0). Carbon compounds from the food source are used to build biomass and generate energy for growth and for maintenance and work. The carbon used to generate energy is converted to carbon dioxide. Assuming the amount of carbon needed to produce energy for work (pumping), reproduction, and maintenance is constant and comparable or higher than the energy needed for growth, higher growth rates will result in higher net growth efficiencies. Thomassen and Riisgård ([@CR39]) showed that NGE is indeed positively related to specific growth rate. They found for *H. panicea* that the highest growth rate of 0.04 per day related to a NGE of 30%. At a growth rate of about 0.01 per day, they found a NGE of 10%, similar to what we found. The experiments done here are performed in the summer, where sponge growth was measured to be higher than in other times of the year. Therefore, it can be assumed that NGE will be lower in winter and autumn. However, the energy demand for nongrowth-related processes could also be lower at lower temperatures, resulting in a higher NGE.

Thus, 90% of the carbon uptake is used to generate energy for growth and other processes like pumping, reproduction, or secondary metabolite production. Several studies have shown that suspension feeding animals are unlikely to be restricted by the energy cost of water pumping (Riisgård et al. [@CR36] and references within). Riisgård et al. ([@CR36]) found that the energy cost for pumping was only 0.85% of the gained energy by respiration. Up till now, not much is known about the energy demand of sponges for reproduction. It was found that other processes are ceased due to reproductive efforts. *H. panicea* decreases silica uptake during reproduction and therefore, spicule production was reduced (Frohlich and Barthel [@CR14]). In which reproductive state, the sponges were during our experiments is not known, but it was shown that *H. oculata* in the Netherlands contains oocytes and embryos almost year round (Wapstra and van Soest [@CR40]) and thus, reproduction seems to be an ongoing process in this sponge. Other studies have shown that sponge explants or smaller sponges show higher growth rates (e.g., Page et al. [@CR28], de Caralt et al. [@CR7]). However, in our growth study, the sponge growth rate was about the same at the start and at the end, while at the beginning of the growth experiment the sponges were explants (Koopmans and Wijffels [@CR21]).

Finally, sponges show high regeneration rates, and they continuously reform (Ayling [@CR2], de Caralt et al. [@CR7]). On one side sponges can grow, while on the other they may shrink. In accordance with this, de Caralt et al. ([@CR8]) suggest that sponges have a high apoptosis rate as well as a high rate of mitoses resulting in a low net growth rate. This continuous regeneration of sponge tissue will cost a lot of energy, while low net growth is obtained.

Benthic filter feeders in general typically show oxygen extraction coefficients up to 10% (Jorgensen et al. [@CR20]). For *H. oculata* we found the oxygen extraction coefficient to be 3.3%. Thus, oxygen clearly does not limit sponge growth rate under normal conditions. Carbon availability seems to be sufficient as well, although we do not know exactly what part of the particulate carbon is usable by the sponge. The NGE agrees with the low growth rates found for this sponge species, since at low growth rates a relatively large part of carbon taken up is used for generating energy for maintenance and work.

In conclusion, oxygen and probably also carbon are not limiting the growth rate of *H. oculata*. First of all, it should be established whether *H. oculata* is able to grow faster or whether the growth rate observed here is the maximum value this sponge can reach. For example, there are indications that sponges are continuously remodeling in other words grow fast and at the same time break down biomass. Furthermore, more insight in sponge metabolism could also give indications on possible limitations. Both goals can be reached by using labeled substrates and follow the metabolic pathway through which they are metabolized and the rate at which this occurs. Knowledge on sponge metabolism and growth in situ, may also give indications on why it is so difficult to grow sponges outside their natural habitat in aquaria, which is a prerequisite for sustainable production.

Conclusion {#Sec17}
==========

Respiration rate, clearance rate, and growth rate have been measured for the sponge *H. oculata*. We found that only 34% of the available particulate carbon is used by the sponge for both respiration and growth. *H. oculata* appears not to be carbon limited. Sufficient carbon is available in the particulate pool for *H. oculata* as the respiratory carbon requirement can be easily fulfilled with the taken up particulate carbon. The net growth efficiency, being the ratio of carbon assimilated in biomass and the total carbon used by the sponge, was found to be 0.099 ± 0.013 (average ± SD). Thus, only about 10% of the assimilated carbon is fixed in biomass, and over 90% is used for generating energy for growth, maintenance, pumping, and reproduction. The low NGE agrees with the low growth rates found for this sponge species. Oxygen was found not to be the limiting factor for growth, since only 3.3% of the oxygen pumped through the sponge body was used.
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